Crude cellulose as well as α-and β-celluloses were estimated in thirty-four seaweed species of fifteen orders of Chlorophyta, Phaeophyta and Rhodophyta of Indian waters. The greatest yields of crude cellulose and α-cellulose were obtained from Chaetomorpha aerea (approx. 20.0% and 18.5%, respectively), and of β-cellulose (approx. 3.1%) from Caulerpa imbricata. The lowest crude cellulose, and α-and β-contents were recorded for the calcareous red alga Liagora indica (approx. 0.90%, 0.70% and 0.10%, respectively). There was little variation in cellulose content among the brown algae, while wide variations in the yields were found in the green and red algae. The present work contributes to the repertoire of 67 Indian seaweed species studied to now for their cellulose contents in our laboratory. The combined studies highlight that Chaetomorpha aerea, Acrosiphonia orientalis, Caulerpa taxifolia, Sargassum tenerrimum, Hydroclathrus clathratus and Gelidiella acerosa possess relatively high (>10%) cellulose contents, which could be of potential utility.
Cellulose is the most abundant natural polymer on Earth and it is being used as a key raw material in various industries viz. the pulp and paper, textile, pharmaceutical, food, personal and healthcare industries. Cellulose is an organic polymer consisting of chains of (1→4)-linked β-D-glucose residues representing about 1.5×10 12 tons of total annual biomass production [1] . It exists as a mixture of two crystalline forms, α and β [2] . Algal biomasses are capable of accumulating high cellulose contents, which can be used as an alternative source for bio-ethanol, as well as other biomass based chemicals [3a,b] .
High growth rate and abundance of seaweeds make this biomass resource a potential source of cellulose alongside terrestrial plants. The extraction of cellulose from terrestrial plants, accompanied by the step of removal of lignin greatly influences its processing cost. The removal of lignin from woods has its own importance in the pulp and paper industry by simultaneously posing a problem by influencing the aquatic ecosystem caused by the lignin containing effluents [4a,b] . To our knowledge, there exists no report on the presence of true lignin in seaweeds, which may make these resources of choice for cellulose [5a,b] . However, Martone and coworkers recently reported the occurrence of lignin in a red seaweed, Calliarthron cheilosporioides, suggesting convergent evolution of cell wall architecture in plants [6] In India, more than 800 seaweed species of 29 orders belonging to different classes (Chlorophyta, Phaeophyta and Rhodophyta) have been reported from its ~ 5700 km long coast line [7] . In a continuing program of profiling the cellulose contents of Indian seaweeds, we have reported the results for 33 Indian seaweed species, as well as that of a halophytic plant, Salicornia brachiata [8a-c] . We report herein studies on yet another group of 34 abundantly available seaweed species belonging to 15 different orders for their cellulose contents, which can be exploited as biomass resources for various applications. To our knowledge, this systematic body of data on cellulose of these Indian seaweed species is being reported for the first time.
The yields (%) of crude, and α-and β-celluloses of the studied Indian seaweeds are presented in Tables 1-3. The greatest α/β ratios among the seaweeds studied herein were obtained for the green species Boodlea composita (47.9), Codium tomentosum (30.5) and Chaetomorpha aerea (23.1). However, in the brown and red seaweeds the next greatest α/β ratios (≥ 10.0) were those of Hydroclathrus clathratus, Halymenia venusta and Hypnea valentiae.
The results obtained for the Chlorophyta species are given in Table  1 . The yield of crude cellulose ranged from 3.7% to 20.0%. The greatest yield (20.0 ± 0.5 %) of crude cellulose was obtained from Chaetomorpha aerea and the lowest (3.7 ± 0.1%) from Halimeda macroloba. The low yield from H. macroloba may be due to the calcareous nature of the seaweed [9] . The yields of α-and β-celluloses ranged from 0.5% to 18.5% and 0.1% to 3.1%, respectively. In general, the yields of α-cellulose were greater than those of β-cellulose, except in Bryopsis hypnoides and Halimeda macroloba where β-cellulose [(2.8% and 2.3% respectively) > αcellulose 1.1% and 0.5%, respectively] showed a reverse trend ( Table 1) . Chaetomorpha aerea afforded the greatest crude and αcellulose contents among all green as well as red and brown seaweeds reported by us so far (Table1) [8a,b] .
The celluloses of Rhodophyta species exhibited some variations in their yields ( Table 2 ). That of crude cellulose varied from 0.9% to 8.7%, the greatest yield (8.7 ± 0.3%) being from Pterocladia heteroplatos and the lowest (0.9 ± 0.05%) from Liagora indica. The α-and β-celluloses ranged from 0.7% to 7.6% and < 1%, respectively in their yields ( Table 2 ). Yields of -cellulose in this group were greater than those of -cellulose. It was found that the seaweeds belonging to the order Gelidiales possessed the highest cellulose content (ca. 10%), while species of Nemaliales had the lowest, which may be due to their calcareous nature. The data presented in Table 3 are of the yields (%) of crude, and α-and β-cellulose samples of brown seaweeds and the ratios. The yield of crude cellulose ranged from 2.2% to 10.2%. The greatest yield (10.2 ± 0.4%) was obtained from Hydroclathrus clathratus and the lowest (2.2 ± 0.2%) from Spatoglossum asperum while those of α-and β-celluloses ranged from 1.9% to 8.2% and 0.2% to 2.5%, respectively. Overall, the yields of α-cellulose were greater than those of β-cellulose in all the brown seaweed species studied by us so far [8a,b] . Species belonging to the orders Fucales and Scytosiphonales contained higher yields of crude cellulose (ca. 10%), while significant variations were registered for those in the Dictyotales. Ashless cellulose was obtained from all the seaweed species.
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Chaetomorpha aerea, having afforded the highest yield of cellulose among all the seaweed species studied by us so far, was chosen for spectral characterizations [cf. 8a,b]. The FT-IR spectra of crude, αand β-cellulose obtained from Chaetomorpha aerea exhibited the same characteristic bands as those reported in the literature (Supplementary Figure S1 ) [10] . The IR spectra revealed that no degradation of cellulose had occurred during the isolation and purification procedures. The prominent bands were in the range of (KBr,ν max , cm -1 ): 3431-3435 (O-H stretching), 2928-2930 (C-H str), 1630-1640 (bound H 2 O), 1420-1422 (C-H bending) and 1020-1022 (C-O-C bending). The CP-MAS 13 C NMR spectra of the crude, α-and β-celluloses of C. aerea were almost similar, and the values of the chemical shifts were in good agreement with those reported in the literature [11a,b] . The CP-MAS 13 C NMR spectra of Pterocladia heteroplatos and Hydroclathrus clathratus resembled those reported in the literature ( Supplementary Figures S4 and S6) .
The X-Ray diffraction (XRD) patterns of crude, α-and β-celluloses of C. aerea, P. heteroplatos and H. clathratus were similar to those reported [8a,b] (Supplementary Figures S2, S3 and S5 ).
Based on the XRD profiles, it was found that green and brown algal celluloses had superior crystallinity than that of red seaweed cellulose (Table 4 ). Among the green seaweeds, species of Cladophorales and Acrosiphoniales appear to be good sources of highly crystalline crude, as well as α-cellulose. Among the brown seaweeds, species of Dictyotales can be a good source of highly crystalline crude as well as α-celluloses. There was no significant Cellulose contents in some of Indian seaweed species Natural Product Communications Vol. 8 (4) 2013 499 variation in crystallinity of crude cellulose among red seaweeds. In general, cellulose exhibits a typical diffraction peak at around 22°(due to the crystalline structure of cellulose I (crude), which is known to be the native and predominant crystalline structure present in algae [12] . However, the small amounts of β-celluloses obtained from the algae were relatively less crystalline than their αcounterpart (Table 4) .
Thirty-four abundantly available seaweed species belonging to 15 taxonomic orders of Indian waters were profiled for their cellulose contents in the present study. Chaetomorpha aerea, Acrosiphonia orientalis, and Hydroclathrus clathratus contained relatively high (>10%) amounts of cellulose, with C. aerea giving the highest yield (20%) of all the seaweeds species studied by us. In an earlier study of 33 Indian seaweed species, Caulerpa taxifolia, Sargassum tenerrimum and Gelidiella acerosa contained >10% cellulose [8a,b] . This study revealed that there exists no clear order-specific trends in the yields of crude cellulose. Species belonging to the order Gelidiales (Rhodophyta) possess greater cellulose content (ca. 10%), while the lowest (ca. 0.9%) was obtained from species of Nemaliales (Rhodophyta). The lower yield of the latter may be ascribed to their calcareous nature [8a] . In other orders of Rhodophyta, except for Gelidiales and Nemaliales, significant variations in cellulose contents (< 5%) were noted.
Generally, the yields of α-cellulose were greater than those of β-cellulose, but exceptionally Bryopsis hypnoides and Halimeda macroloba had β-cellulose contents (2.8% and 2.3%, respectively) greater than those of α-cellulose (1.1% and 0.5%, respectively). As found in our previous study, an abiding trend was identified in the relationship of the yield of cellulose and morphology, with algal species with compact morphology giving a higher yield than their succulent counterparts, e.g. Chaetomorpha aerea vs. Halimeda macroloba and Hydroclathrus clathratus vs. Spatoglossum asperum. The results of this investigation would be useful in bioprospecting work on seaweeds for optimum utilization of their cellulosic resources, and significantly contribute to the repertoire of Indian seaweed species studied to date for their cellulose contents [cf. 8a,b] .
Experimental
Materials: Thirty-four seaweed species were collected from various locations of along the Indian coast (Tables 1-3 ). Voucher specimens have been deposited with the CSMCRI Herbarium. The seaweeds were washed with tap water to remove solid impurities from the plants, dried in the shade, powdered in a rotating ball mill and stored in separate plastic containers.
Isolation of crude cellulose from seaweeds species:
Cellulose was isolated using the method described in the literature [8a, b] . In the case of the calcareous seaweeds, Galaxaura oblongata, Liagora indica and Cheilosporum spectabile, excess hydrochloric acid was used in the final acid treatment step to remove the CaCO 3 present in these seaweeds. Extractions were made in triplicate and mean values were recorded. Yields were calculated on the basis of the dry weight of the seaweeds as received.
Isolation of and cellulose from crude cellulose: α-and β-
Celluloses from crude celluloses were obtained using the method reported in the literature [8a,b] . Briefly, dried crude cellulose (1 g) was soaked in 30 mL 17.5% NaOH solution at 20°C for 2 h with stirring. The resulting slurry was centrifuged at 8,000 rpm for 15 min. The supernatant containing β-cellulose was removed by decanting, and α-cellulose (residue) was obtained after repeated water washing until the pH of the washing was ~ pH 7. The product (α-cellulose) was collected by freeze drying. The β-cellulose was precipitated from the supernatant by neutralizing with 3N H 2 SO 4 ; the mixture was kept at 80°C for 10 min to ensure complete precipitation of β-cellulose. The precipitated β-cellulose was recovered by centrifugation, followed by washing with plenty of water to make it acid-free; finally, the product was freeze dried.
Characterization of cellulose:
Celluloses having high yields (%) in different orders of Chlorophyta and Phaeophyta and two from the Rhodophyta (Gelidiales and Gracilariales) were selected for characterization. Fourier transform infrared (FT-IR) spectra of the crude, α-and β-cellulose samples were recorded on a Perkin Elmer Spectrum GX FTIR (USA) instrument. Cellulose, α-cellulose and β-cellulose of Chaetomorpha aerea were characterized by solidstate 13 C NMR (CP-MAS 13 C NMR) measurements at 20°C on a Brüker Avance 500 MHz Spectrometer (Switzerland) at 52.3 MAS; net spinning was kept at 5,000 rpm min. Powdered XRD patterns of the crude, α-and β-cellulose samples were carried out on a Philips X'pert MPD X-ray powder diffractometer using 2θ = 10° to 45°. Crystallinity indices (C.I.) were calculated using the peak height method, as reported in the literature [13] .
C.I. = I 002 -I am /I 002 , where I 002 is the overall intensity of the peak at 2θ about 22° and I am is the intensity of the baseline at 2θ about 18-20°. Cellulose samples were ignited at 600 ± 10°C for 6 h and the percentage of ash was calculated based on the weights of oven-dried cellulose samples.
Supplementary data:
FT-IR spectra and XRD profiles of the crude, -cellulose and -cellulose of Chaetomorpha aerea, XRD profiles and CP/MAS 13 C NMR spectra of the crude, -cellulose and -cellulose of Pterocladia heteroplatos and Hydroclathrus clathratus are also available.
